In this study, the hydration of Portland cement blended with 10-90% blast furnace slag (BFS) by mass with the water/binder (w/b) ratios of 0.4 and 0.5 was investigated by isothermal conduction calorimeter and scanning electron microscopy. Experimental results reveal that the addition of BFS accelerates the hydration of Portland cement at early stage. This acceleration is mainly due to the "dilution effect", the consumption of calcium hydroxide (CH) by BFS and the nucleation site for the formation of CH provided by BFS particles. An additional peak is observed in the isothermal conduction calorimeter curves of blended cements, which is attributed to the hydration of BFS.
INTRODUCTION
BFS is a by-product in the manufacture of pig iron. It is formed by the reaction of limestone with materials rich in SiO 2 and Al 2 O 3 at 1350-1550 ˚C. After being rapidly cooled and finely ground to powder, BFS can be used as a raw material for the manufacture of Portland cement or the blended material of concrete. Its chemical composition is similar to that of Portland cement. Compared with Portland cement, the content of SiO 2 , Al 2 O 3 and MgO is higher and the content of CaO is lower in BFS [1] . Since BFS is almost entirely amorphous glassy material, it has a latent hydraulic property [2] .
When being mixed with water, BFS reacts for a short time and then stops, because of the formation of a water-impermeable layer on the surface of BFS particles [3] . The latent hydraulicity of BFS needs to be activated by activators, such as alkalis and sulphates [4] . The hydration of Portland cement produces CH and sulphate (from the gypsum). As a consequence, the combination of BFS and Portland cement can form a group of cements with good reactivity and performance. The hydration process of blended cements, which consist of 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada
Portland cement and BFS, is quite complex, since both constituents react with water and their hydration processes affect each other. Escalante-Garcia and Sharp [5] suggested that the addition of BFS accelerates the hydration of C 3 S, C 3 A and C 4 AF to different extents. The hydration of BFS highly depends on the properties of Portland cement, especially the pH of the mixing solution [1] . From literature, it is shown that the hydration process of BFS in blended cements can be divided into two stages [6] . BFS first reacts with alkali hydroxides, since alkali hydroxides are dissolved immediately when Portland cement is mixed with water.
Once the concentration of CH reaches a certain level, the reaction with CH is dominant. This reaction is responsible for the occurrence of an additional peak in the curves of the rate of the heat evolution of blended cement [7] . The BFS content is expected to be a primary factor to determine the hydration of blended cements. However, the effect of BFS content on the hydration process of blended cements has not been studied extensively. In this study, the effect of BFS content in the range of 10-90% was investigated by isothermal conduction calorimeter and scanning electron microscopy. Further objective is to provide fundamentals for the numerical simulation of the hydration of blended cements.
EXPERIMENTAL

Materials
In this study, CEM I 32.5R and BFS were mixed in the laboratory. The chemical compositions of CEM I 32.5R and BFS are given in Table 1 . The mineral composition of CEM I 32.5R calculated with modified Bogue equation [8] is 63.6% C 3 S, 9.7% C 2 S, 7.3% C 3 A and 9.7% C 4 AF. The Blain values of CEM I 32.5R and BFS are 283 m 2 /g and 420 m 2 /g. The densities of CEM I 32.5R and BFS are 3.15 g/cm 3 and 2.85 g/cm 3 respectively. Two w/b ratios of 0.4 and 0.5 were chosen. The BFS content varied from 10% to 90% by mass. Each mixture was labeled according to its w/b ratio and BFS content, and listed in Table 2 . 
Isothermal conduction calorimeter
Isothermal conduction calorimeter measurements were carried out by TAM Air 314 at 20˚C and 30˚C. Each measurement started at about 10 minutes after mixing and lasted 168 hours. The first so-called "wetting" peak in the curves of the rate of heat evolution cannot be recorded. Since this period lasts only for several minutes, and the heat evolution amounts to a few percent of total heat evolution of hydration, the influence of this period can be neglected.
BSE image observation
Sample preparation
CEM I 32.5R and BFS were mixed with water by the HOBART ® mixer for 3 minutes. Subsequently, samples were rotated at a speed of 5 r/min in a room with temperature of 20˚C for 24 hours. After sealed curing at 20˚C, samples were split into small pieces of about 1 g at 1, 3, 7, and 28 days. Finally, freeze-drying was applied, because of its less damage for the microstructure of cement pastes [9] . The drying procedure was extensively described in [9] .
Before imaging, vacuum impregnation with a low-viscosity epoxy was applied to stabilize specimens and increase the contrast of pores. Then, the freeze-dried sample was cut with propanediol instead of water to avoid the further hydration of unhydrated cement particles and the dissolving of CH. After cutting, the sample was carefully ground by hand on the middlespeed lap wheel with p120, p220, p320, p500, p1200 and p4000 sand papers, and then polished on the lap wheel with 6, 3, 1 and 0.25 µm diamond paste. Each procedure took about 2 minutes. The final polishing was done with a low-relief polishing cloth.
Image acquisition
The SEM image was taken by the Philips-XL30-ESEM with the water vapor mode. The acceleration voltage of 15-20 kV was used. The magnification was 500X, and the image size was 1728×1027 pixels. For each sample, 12 images were captured in order to achieve the acceptable confidence of results [9] . In order to explore phases in detail, some images with the magnification of 2000X were taken.
3.
RESULT AND DISCUSSION Figures 1-4 show the rate of heat evolution and the cumulative heat evolution of Portland cement blended with BFS in the first 50 hours. The curve pattern is changed by the addition of BFS. Meanwhile, the sample with more BFS releases less heat. This indicates that the hydration process of blended cements is influenced by BFS. The temperature also has a
Isothermal conduction calorimeter
distinct effect on the hydration of Portland cement and blended cement. As the temperature increases, the dormant stage becomes shorter and the heat evolution becomes higher. This is in agreement with Kjellsen and Detwiler [10] . 2nd In the curve of the rate of the heat evolution of Portland cement there are three peaks ( Figure 5 ). Peak I is associated with the hydration of C 3 A, the dissolution of free lime and the wetting of Portland cement [11] . Peaks II and III are due to the rapid hydration of C 3 S and C 3 A respectively [1, 12] . In this study, peak III is higher than peak II. This is probably attributed to the high content of C 3 A in this Portland cement. For blended cement with 10% and 30% BFS, peaks II and III are also observed, while for the sample with BFS content more than 50%, these peaks cannot be distinguished due to the low content of Portland cement. As BFS content increases, peaks II and III move to earlier times. This indicates that BFS accelerates the hydration of C 3 S and C 3 A. Escalante-Garcia and Sharp [7] suggested that this acceleration is due to the "dilution effect", which means that more water is available for Portland cement to hydrate in the blended cement with more blended materials. In other words, with the same w/b ratio the more the blended material is added, the higher the water/cement ratio is. For instance, with the w/b ratio of 0.4, when the BFS content increases from 0% to 90%, the water/cement ratio varies from 0.4 to 4. An additional peak S is observed in the curve of blended cements ( Figure 5 ), which is attributed to the reaction of BFS [7] . This peak always follows peak II, which is associated with the formation of CH. This confirms that the hydration of BFS is activated by the CH, which can break the glass structure in BFS when pH is up to 12 [13] . BFS content is the main factor to influence the peak S. The higher BFS content leads to a more defined peak. As BFS content increases up to 70%, this peak occurs at earlier times.
BSE image analysis
In BSE images, individual phases, i.e. unhydrated Portland cement, unhydrated BFS, CSH and CH, can be distinguished by their shape and grey level. Table 3 lists the area fracture of individual phases, which is the average value of 12 images with the magnification of 500X. According to Diamond and Leeman [14] , the volume fraction can be assumed to be equal to the area fraction in BSE images. With the volume fraction of unhydrated Portland cement and unhydrated BFS, the degree of hydration of individual materials and the overall degree of hydration of blended cements can be calculated. The volume factions of Portland cement and BFS at initial stage are: 
where, m PC , m BFS and m water are the weights of Portland cement, BFS and water in the mixture, and ρ PC , ρ BFS and ρ water are the densities of Portland cement, BFS and water. The degree of hydration of Portland cement and BFS and the overall degree of hydration of blended cements at time t can be calculated:
where, V (t)PC and V (t)BFS are the volume factions of unhydrated Portland cement and BFS. The ratio of the amount of hydration products to that of hydrated Portland cement can also be computed.
( )
where, V (t)CSH and V (t)CH are the volume factions of CSH and CH.
2nd The results listed in Table 3 show that a higher BFS content leads to a higher degree of hydration of Portland cement. This confirms the addition of BFS accelerates the hydration of Portland cement. On the other hand, the degree of hydration of BFS decreases with the increase in BFS content. The degree of hydration of BFS is all below 20% except the sample CB/05/10, and it is much lower than that of Portland cement. BSE images reveal that there is a small amount of hydration products surrounding BFS particles at 1 and 3 days (Figure 6 ). The overall degree of hydration of blended cements also decreases with the increasing BFS content, which is consistent with the results measured by isothermal conduction calorimeter. As BFS content increases, the amount of CSH decreases and its ratio to the amount of Portland cement increases. For Portland cement, this value should be 1.6 [15] , which is lower than that measured in this study. It can be concluded that the hydration of BFS should contribute the formation of CSH. With a higher BFS content, both the amount of CH and its ratio to the amount of Portland cement is lower. This implies that a part of formed CH is consumed and this consumption is accelerated by the increasing BFS content. This can also explain the acceleration of Portland cement hydration and the occurrence of the peak S always after peaks II and III. 
CONCLUSIONS
In this study, the influence of BFS content on the hydration of blended cements was investigated by isothermal conduction calorimeter and scanning electron microscopy. The following conclusions can be drawn:
− The addition of BFS accelerates the hydration of Portland cement. This acceleration is due to the "dilution effect", the consumption of CH by BFS and the nucleation site for the formation of CH provided by BFS particles. At early stage, a small amount of BFS has hydrated, and this is responsible for the formation of CSH and the occurrence of an additional peak S. − A higher BFS content results in a higher degree of hydration of Portland cement and lower degrees of hydration of BFS and blended cements. − The content of CSH and CH is lower in blended cement pastes with more BFS due to the low degree of hydration of BFS. − The BSE images show that BFS affects the formation and distribution of hydration product, and CH crystals are mainly formed surrounding BFS particles.
